Different DNA-damaging treatments produce a senescence-like phenotype. Young human fibroblasts are transferred to a senescence-like state after 4 to 6 weeks of culture under 40% ambient oxygen partial pressure. In order to understand the causes of senescence it would be advantageous to know how well this state equals accelerated senescence. Therefore, we measured the expression of genes with known senescence-specific expression pattern in human fibroblasts, which were irreversibly proliferation-inhibited by chronic hyperoxic treatment. A senescencespecific gene expression pattern was confirmed by semiquantitative RT-PCRfor eight out of nine examined genes in BJ foreskin fibroblasts and for four out of four genes in MRC-5 lung fibroblasts. For all these cases, gene expression under hyperoxia was similar to that in senescent cells, suggesting that chronic mild hyperoxia is a valid model for accelerated senescence. R EPLICATIVE senescence of fibroblasts in vitro has . been extensivejy studied, and a large body of evidence has been obtained to establish this system as a major cellular model of aging (1-4). Replicative senescence is characterized by an irreversible growth arrest after a certain number of population doublings (PD), which is a constant under standard culture conditions (the so-called Hayflick limit). The senescent phenotype is associated with altered expression of several genes regulating tissue maintenance and cell functions (2,4). Altered gene expression has been implicated as one possible cause of cellular senescence.
R EPLICATIVE senescence of fibroblasts in vitro has . been extensivejy studied, and a large body of evidence has been obtained to establish this system as a major cellular model of aging (1) (2) (3) (4) . Replicative senescence is characterized by an irreversible growth arrest after a certain number of population doublings (PD), which is a constant under standard culture conditions (the so-called Hayflick limit). The senescent phenotype is associated with altered expression of several genes regulating tissue maintenance and cell functions (2, 4) . Altered gene expression has been implicated as one possible cause of cellular senescence.
Senescence-like states in fibroblasts have been described following different experimental treatments as, for instance, 7-irradiation (5, 6) or oxidative stress (7) (8) (9) . Chronic mild hyperoxic treatment of fibroblasts results after a few population doublings in an irreversible arrest of cell proliferation. This state mimics the senescent phenotype in a number of parameters including morphology, DNA and lipofuscin content, mitochondria! respiration and water content, and telamere length (9, 10) . We concluded that hyperoxia induces the senescent phenotype prematurely.
This conclusion was tested at the level of gene expression by using semiquantitative reverse transcription-polymerase chain reaction (RT-PCR). For a comparison between senescent and hyperoxic-blocked fibroblasts we concentrated on nine genes, which were shown to be expressed in a senescence-specific manner (11, 12) . In order to distinguish a senescence-dependent gene expression from a merely cellcycle-related one, the expression of these genes was studied both in serum-supplemented and serum-starved cells. A senescence-specific gene expression pattern was confirmed for eight of the nine genes tested. For each of these genes, the expression level in hyperoxic-blocked fibroblasts was similar to the one found in senescent cells.
MATERIALS AND METHODS
Fibroblast strains and culture conditions.-BJ human neonatal foreskin fibroblasts originated from the laboratory of J.R. Smith (Baylor College of Medicine, Houston, TX). MRC-5 lung fibroblasts were obtained from the American Type Culture Collection (Rockville, MD). BJ fibroblasts were grown in Dulbecco's modified Eagle Medium/Medium 199 (DMEM/M199), and MRC-5 fibroblasts were cultivated in DMEM. Media were supplemented with 10% (high serum) or 0.5% (low serum) fetal calf serum. Standard culture was at 5% CO 2 and atmospheric oxygen concentration. Hyperoxic treatment was performed by cultivating young cells (BJ: PD38, MRC-5: PD27) under a normobaric oxygen partial pressure of 40% in a three-gas incubator (Nuaire, Plymouth, MN). Senescence under normoxia as well as hyperoxic inhibition of cell growth was defined by the inability of fibroblasts to reach confluency within 4 weeks despite weekly changes of fully serum-supplemented medium. Senescence was reached by BJ fibroblasts at PD93, and by MRC-5 cells at PD42. Young fibroblasts were harvested within the logarithmic growth phase (high serum) or were cultured for 4 days under low serum before harvest.
RT-PCR.-Total RNA was isolated using RNA-Clean solution (AGS, Heidelberg, Germany) at 4°C. The RNA was treated for 30 min at 37°C with DNAsel (lOU/ul, RNAse free, Boehringer Mannheim, Mannheim, Germany) and cleaned with phenol/chloroform twice and with chloroform once. One ug of total RNA was reverse-transcribed using superscript reverse-transcriptase (Gibco BRL, Gaithersburg, MD) with a hexanucleotide-primer mix (Pharmacia, Uppsala, Sweden) for 1 hour at 42°C. 50 ng cDNA were used in a 10 ul PCR reaction, containing 250uM dNTP's, 1.5 uM
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Downloaded from https://academic.oup.com/biomedgerontology/article-abstract/53A/6/B438/573524 by guest on 03 February 2018 each of the primer, 1.25 units Taq-polymerase (Perkin-Elmer, Norwalk, CT) and 0.5 ul P 32 -dCTP. Primer sequences and PCR conditions are presented in Table 1 . To optimize the number of PCR cycles, RT-PCRs were run for each individual gene using RNA from old and young fibroblasts. Aliquots were taken after each second cycle between cycles 16 and 24. The number of cycles that resulted in an unsaturated presentation of both signals was chosen (see Table 1 ). RNA loading in the experiments was controlled by glycerinaldehydephosphate-dehydrogenase (GAPDH) amplification. PCR products were separated on a denaturing 10% polyacrylamide sequencing gel at 25 Watt for 1.5 hour. Gels were scanned in a phosphoimager (Bio-Rad, Hercules, CA). The exposure time in the phosphoimager was optimized for each PAA-gel to avoid saturation of the signal. The percentage change in gene expression was calculated as (U-lo)/lo with l 0 = spot minus background intensity in young, serum-supplemented fibroblasts and L = spot minus background intensity in senescent or hyperoxically treated fibroblasts, respectively. All analyses were done in triplicate.
RESULTS AND DISCUSSION
There is a growing body of evidence showing an association of altered gene expression with cellular replicative senescence. Up to about 100 genes have been shown to be differentially regulated in young and senescent cells at the RNA and/or the protein level (2, 3, (12) (13) (14) (15) . Moreover, a restoration of gene expression patterns to those typical for young cells was demonstrated in cells that are immortalized in vitro by transfection with viral genes (13, 16, 17) . In contrast, gene expression patterns in cells blocked by hyperoxia or other oxidative treatments are largely unknown.
In our study, we selected nine genes for which an agedependency of expression has been repeatedly observed. For some of these genes, namely PAI-2 (15), elastin (18) , collagen (19) , MMP-1 (20, 21) , and c-fos (13, 22, 23) , an age-dependent regulation has been shown both at the level of transcription and at the protein level. We measured the expression of senescence-related genes in young, senescent, and hyperoxic-blocked foreskin fibroblasts by RT-PCR. For some genes, differential expression was confirmed in MRC-5 lung fibroblasts as well. Typical results are shown in Figure 1 , and the changes in the mRNA steady-state levels with senescence or after inhibition of proliferation by hyperoxic treatment are indicated in Figure 2 .
c-fos is a major early-response gene. Its transcription is significantly enhanced within minutes following growth factor stimulation in young cells. This response is greatly diminished in senescent fibroblasts (13) . Our data confirm these results. The highest expression level is found in young, serum-stimulated cells. There is still some serumstimulation of c-fos in senescent cells. However, the level of stimulation is considerably lower than in proliferating cells. The expression of c-fos in hyperoxic-treated cells is variable but never exceeds that found in senescent fibroblasts.
Fibroblasts play a major role in the synthesis and reorganization of extracellular matrix components including collagens and elastin. Elastin (ELA) mRNA expression has been described as being downregulated in senescent cells (12, 24 ). We find a low level of expression of elastin in hyperoxically treated BJ foreskin fibroblasts. However, we do not see a decrease of the elastin mRNA levels in senescent cells. Rather, our data show a serum-dependent, but not an agedependent, regulation of the elastin mRNA level in BJ fibroblasts. Evidently, the regulation of elastin expression is Table 1 Collagen l a (COL) downregulation during skin aging and in senescent fibroblasts has been reported repeatedly (12, 19, 26) . On the other hand, Brinckmann et al. (27) found no differences in the synthesis of collagen I and III by analyzing skin extracts and newly synthesized collagen from fibroblast cultures derived from both old and young donors. Bizot et al. (21) measured a high variability of type I and III collagen mRNA levels in different cell strains. Our data obtained in MRC-5 and in serum-starved BJ fibroblasts confirm the downregulation of collagen l a in senescent cells. An even more stringent downregulation of collagen l a is measured under hyperoxia in both cell types.
The fibroblast-derived collagenase, matrix-metalloproteinase-1 (MMP-1) is responsible for the breakdown of interstitial collagen. In human senescent skin fibroblasts, both an increase of collagenase mRNA levels (21) and a constitutively high level of MMP-1 activity (20) was demonstrated. Higher basal and induced steady-state collagenase mRNA levels were found in the cells from older donors (28) . Our results are in concordance with these data.
The inhibitor of cyclin-dependent kinases, SDI-1"
21
, has been suggested to be an important factor for the induction of the senescent phenotype (29, 30) . Recent data, however, by showing low or no induction of SDI-l p21 in late senes- cence, have put this role somewhat in question (31, 32) . We find a weak upregulation of SDI-l p21 mRNA in senescent BJ and MRC-5 fibroblasts. Levels of SDI-1" 21 mRNA under hyperoxia are slightly elevated as well.
One gene (GS-2), which was found to be upregulated in senescent fibroblasts using the method of enhanced differential display (12) , could be shown later to be stanniocalcin (STA). STA is a calcium-regulating hormone originally thought to be specific for fish. In recent years, its ubiquitous presence in senescent human fibroblasts has been shown (33) . Our data show upregulation of STA in senescent as well as hyperoxic-treated lung and foreskin fibroblasts.
Interferon 7 (IFN-7) has been shown to be involved in the regulation of senescence-specific gene expression in fibroblasts (34) . It induces Mn-dependent superoxide dismutase (Mn-SOD) in rat neuronal and glial cells (35) . Frasca et al. (36) demonstrated an increase of mRNA and protein of IFN-7 with age in mice spleen cells. Moreover, stimulation of interferon production by hyperoxia was shown in rat fibroblasts. This response was lost after spontaneous transformation (37) . We observe stimulated expression of IFN-7 in senescent BJ fibroblasts and a slightly lower but still significant stimulation after hyperoxic treatment.
Plasminogen-activator inhibitor type 2 (PAI-2) is a specific inhibitor of urokinase-type plasminogen activators. Overexpression of PAI-2 in senescent fibroblasts during replicative senescence has been shown repeatedly (12, 15, 38) . Moreover, PAI-2 expression increases during differentiation of keratinocytes (39, 40) and monocytic cells (41) . Our data show a high expression level of PAI-2 mRNA in senescent as well as in hyperoxically treated fibroblasts.
Mn-SOD is a mitochondrially localized antioxidative enzyme. Its activity was found to be upregulated during senescence of human fibroblasts (42) . Age-related changes in rodents seem to be dependent on the organs and the strains investigated (43) . Nevertheless, it was shown that oxidative stress induced Mn-SOD in rat astroglia cells and interstitial lung fibroblasts (44, 45) and after irradiation in human fibroblasts (46) . St. Clair and coauthors (47) found that MnSOD seems to be" an important factor for cell differentiation and suggested a role for reactive oxygen species in the process of cellular differentiation. We found a strong increase of Mn-SOD mRNA concentrations during senescence and after oxidative stress.
Taken together, our data demonstrate that genes that are expressed in an age-dependent fashion show similar expression pattern in senescent and in hyperoxic-blocked fibroblasts. This result underscores the similarity between the senescent phenotype and those postmitotic states that are generated by DNA-damaging treatments as, for instance, chronic hyperoxia. It adds further weight to the hypothesis that oxidative stress can play a causative role in replicative senescence.
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